INTRODUCTION
Pollen tube growth, which is crucial for sexual reproduction in higher plants, is a rapid and highly polarized process (Wilhelmi and Preuss, 1999; Hepler et al., 2001; Feijó et al., 2004) . Inorganic ion dynamics play important roles in regulating the rate and direction of pollen tube growth (Holdaway-Clarke and Hepler, 2003; Michard et al., 2009) . Four major ions, Ca 2+ , H + , K + , and Cl 2 , are involved in the regulation of pollen tube growth (Feijó et al., 1995; Taylor and Hepler, 1997) . Among these ions, Ca 2+ plays a pivotal role. An apical [Ca 2+ ] cyt gradient is essential for tube growth and the modulation of cell polarity (Miller et al., 1992; Malhó and Trewavas, 1996) . The tip [Ca 2+ ] cyt oscillates at same frequency as pollen tube growth rate (Holdaway-Clarke et al., 1997; Messerli and Robinson, 1997; Messerli et al., 2000) . Some Ca 2+ binding proteins, such as calmodulins, calciumdependent protein kinases (CDPKs), and cytoskeletal proteins, sense Ca 2+ signals and trigger downstream responses during pollen germination and pollen tube growth (Moutinho et al., 1998; Snowman et al., 2002; Harper et al., 2004; Rato et al., 2004; Myers et al., 2009 ). In particular, CDPKs are emerging as important regulators of pollen tube growth. In maize (Zea mays), a pollen-specific CDPK involved in the regulation of the actin cytoskeleton is required for both pollen germination and pollen tube growth (Estruch et al., 1994) . CDPK can also phosphorylate actin-depolymerizing factor, leading to actin cytoskeleton remodeling (Allwood et al., 2001; Feijó et al., 2004) . Two petunia (Petunia hybrida) CDPKs have been reported to regulate pollen tube elongation and growth polarity (Yoon et al., 2006) . Myers et al. (2009) presented genetic evidence that CPK17 and CPK34 are essential for pollen fitness and pollen tube growth in Arabidopsis thaliana.
A number of Ca 2+ -regulated cellular activities, such as cytoskeleton dynamics, exocytosis, and endocytosis, are directly or indirectly involved in the regulation of pollen tube growth (Roy et al., 1999; Hwang et al., 2005; Helling et al., 2006; Konrad et al., 2011) . Based on the observation that Ca 2+ is known to regulate the activity of ion channels in many other physiological processes, Ca 2+ and its downstream components are assumed to play crucial roles in modulating ion channel activity during pollen tube growth. The activity or membrane localization of Shaker K + channel is modulated by calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases (CIPKs), which plays important roles in K + uptake and distribution (Xu et al., 2006; Held et al., 2011) . In guard cells, Ca 2+ signals can be transduced from some CDPKs or other Ca 2+ sensor proteins to various types of ion channels, such as K + in channels, nonselective Ca 2+ -permeable channels, and S-type anion channels, to regulate stomatal movements (Schroeder and Hagiwara, 1989; Li et al., 1998; Berkowitz et al., 2000; Mori et al., 2006; Geiger et al., 2010; Zou et al., 2010) . Recently, Cl 2 channels and outward K + channels were reported to be regulated by intracellular Ca 2+ in pollen tubes (Tavares et al., 2011; Wu et al., 2011) .
Potassium is required for both pollen germination and tube growth (Weisenseel and Jaffe, 1976; Feijó et al., 1995; Fan et al., 2001; Mouline et al., 2002) . K + is present in relatively large amounts and regulates several basic cellular parameters, such as turgor and membrane potential during pollen tube growth (Holdaway-Clarke and Hepler, 2003) . By means of patch-clamp analysis, the inward and the outward K + channels were identified in pollen grain protoplasts and pollen tube protoplasts (Obermeyer and Kolb, 1993; Fan et al., 1999 Fan et al., , 2001 Fan et al., , 2003 Griessner and Obermeyer, 2003; Qu et al., 2007; Wu et al., 2011) . Shaker pollen inward K + channel (SPIK; also named AKT6) is expressed specifically in pollen and pollen tubes. Disruption of SPIK strongly reduces the inward rectifying K + channel activity and results in impaired pollen tube growth (Mouline et al., 2002) . Arabidopsis TPK4, a member of tandem-pore K + channel (TPK/ KCO) family, was reported to be responsible for a marginal proportion of pollen tube K + conductance and function in the control of membrane potential . Besides K + channels, some transporters from the cation/proton exchanger (CHX) or K + transporter/K + uptake protein/high affinity K + transporter (KT/KUP/HAK) family expressed preferentially or specifically in pollen and pollen tubes may also play important roles in H + fluxes and K + homeostasis (Sze, et al., 2004; Pina et al., 2005; Bock et al., 2006; Wang et al., 2008; Song et al., 2009 ). CHX21 and CHX23, which have K + transporter activity, are essential for pollen tube guidance toward the micropyle (Lu et al., 2011) . Recently, the role of K + in pollen tube bursting, which is crucial for fertilization, has been investigated (FranklinTong, 2010; Wu et al., 2011) . For example, K + channel Zea mays 1 (KZM1) is activated by defensin-like protein Embryo Sac 4 secreted from the synergid cells to facilitate K + influx and sperm release after the burst of pollen tubes (Amien et al., 2010) .
Previous studies showed that inward K + (K + in ) channels in the pollen grain are insensitive to [Ca 2+ ] cyt elevation (Fan et al., 1999 (Fan et al., , 2001 . Considering some differences observed in lily (Lilium longiflorum) between the pollen grains and pollen tubes in terms of K + channel properties (Griessner and Obermeyer, 2003) , the Ca 2+ sensitivities of K + in channels in pollen tubes cannot be postulated based on measurements in pollen grains.
In this study, we developed a modified method to isolate protoplasts from Arabidopsis pollen tubes for patch clamp recordings and demonstrated that the whole-cell K + in currents of pollen tube protoplasts were significantly inhibited by [Ca 2+ ] cyt elevation. Two Arabidopsis CDPKs, CPK11 and CPK24, are both involved in the Ca 2+ -dependent regulation of K + in channels. Subsequent phenotype analysis of pollen tube growth indicated that CPK11 and CPK24 function as negative regulators of pollen tube elongation. The interaction between CPK11 and CPK24 is specifically localized to the plasma membrane. CPK11 can phosphorylate CPK24, suggesting that these two CDPKs work together as a kinase cascade similar to a mitogen-activated protein kinase (MAPK) pathway. We showed that SPIK, which plays crucial roles in K + uptake during pollen tube elongation, is the downstream target of the CDPKs.
RESULTS
The K + in Currents of Pollen Tube Protoplasts Are Sensitive to Cytosolic Free Ca 2+ Elevation
Previous electrophysiology studies showed that [Ca 2+ ] cyt had no affect on K + in currents of pollen gain protoplasts of Brassica and Arabidopsis (Fan et al., 1999 (Fan et al., , 2001 . Similar results were observed in our study with [Ca 2+ ] cyt in the range from 10 nM to 10 mM ( Figures 1B and 1C ). This study investigated whether the K + in channels at the plasma membrane of pollen tubes are regulated by changes of [Ca 2+ ] cyt . The prior studies successfully established methods for isolating pollen tube protoplasts from lily (Griessner and Obermeyer, 2003; Dutta and Robinson, 2004) , pear (Pyrus pyrifolia) (Qu et al., 2007) , and tobacco (Nicotiana tabacum) (Michard et al., 2011) . In this study, we developed a modified method for isolating pollen tube protoplasts from Arabidopsis ( Figure 1A , right panel) and performed patch clamp recordings on the pollen tube protoplasts in the whole-cell configuration. The time-and voltage-dependent inward currents were observed under hyperpolarization conditions ( Figure 1B , right panel). The normalized current amplitudes in pollen tube protoplasts were nearly twice those in pollen grain protoplasts when membrane potential was clamped to 2180 millivolt (mV) ( Figures 1C and 1D ). Tail current analysis showed that the measured reversed potential was 237 mV (see Supplemental Figure 1 online), close to the theoretical equilibrium potential for potassium (E k = 256.1 mV). This result indicates that the currents we recorded were mainly caused by K + movement across the plasma membrane. The Boltzmann fitting method was applied to analyze the biophysical properties of K + in channels in both pollen grains and pollen tubes. Normalized maximal conductance (G max ) of K + in channel in pollen tubes was nearly twice that in pollen grains ( Figure 1E ), while there was no difference in the voltage dependence between the two types of K + currents ( Figure 1F ). Importantly, when [Ca 2+ ] cyt was increased from 10 nM to 10 mM, K + in currents recorded from pollen tube protoplasts were significantly inhibited, almost decreasing by 50% when membrane potential was clamped to 2180 mV ( Figure 1D ). The results demonstrated that the K + in channels in pollen tubes were sensitive to elevation of [Ca 2+ ] cyt , which was in contrast with the response of K + in channels in pollen grains ( Figure 1C ). CDPKs have been demonstrated to participate in the Ca 2+ regulation of K + in channels in guard cells (Li et al., 1998; Berkowitz et al., 2000; Zou et al., 2010) . It was hypothesized that some CDPKs may also be involved in the Ca 2+ inhibition of K + in currents in pollen tube protoplasts. Based on expression profiling data, 16 CDPK isoforms are expressed in pollen grains or pollen tubes (Becker et al., 2003; Pina et al., 2005; Wang et al., 2008) . The homozygous T-DNA insertion mutants for 13 CDPKs out of these 16 pollen-expressed CDPKs were obtained. In vitro pollen germination assays revealed that the mutants for six CDPKs displayed differences in pollen germination or pollen tube growth compared with wild-type plants. Using patch-clamp techniques, we tested the Ca 2+ sensitivity of pollen tube K + in channel in these six CDPK mutants. The hypothesis was confirmed in two T-DNA insertion lines, cpk11 (Salk_054495) and cpk24 (Salk_015986) (Figure 2 ). The T-DNA insertions ( Figures  2A and 2B ) caused the disruption in their transcription for both genes ( Figures 2C and 2D ). In contrast with the Ca 2+ -dependent inhibition of K + in currents in the pollen tube protoplasts of wildtype plants ( Figure 2E ), the K + in currents recorded from cpk11 ( Figure 2F ) and cpk24 ( Figure 2G) were not inhibited when the [Ca 2+ ] cyt was increased from 10 nM to 10 mM. The complementation lines that showed similar transcriptional expression of CPK11 and CPK24 compared with wild-type plants (Figures 2C and 2D) were analyzed with the patch clamp technique. Similar to wild-type plants, K + in currents in the pollen tube protoplasts of all of these complementation lines were inhibited by the increased [Ca 2+ ] cyt (Figures 2I and 2J; see Supplemental Figure 2A online) . All these results demonstrate that the Ca 2+ -dependent inhibition of K + in channels requires the presence of both CPK11 and CPK24.
Considering that disruption of either CPK11 or CPK24 could completely impair the Ca 2+ -dependent inhibition of K + in currents, CPK11 and CPK24 might be involved in the same signaling pathway. To test this notion, K + in currents in the pollen tube protoplasts of the cpk11 cpk24 double mutants were further analyzed. The results showed that the double mutants exhibited a similar K + in current phenotype as single mutants in the presence of 10 nM or 10 mM free Ca 2+ in the pipette solution ( Figure  2H ), suggesting that there was no function redundancy between CPK11 and CPK24 and that both CDPKs were involved in the same pathway directing the Ca 2+ -dependent regulation of pollen tube K + in channels.
CPK11 and CPK24 Regulate Pollen Tube Elongation
It is well known that Ca 2+ is an important factor in the regulation of pollen tube growth (Feijó et al., 1995; Taylor and Hepler, 1997; Franklin-Tong, 1999) . To test whether CPK11 and CPK24 are involved in the Ca 2+ signaling response during pollen tube growth, in vitro pollen tube growth assays were performed with different external Ca 2+ concentrations. As shown in Figure 3A , an increase of the external Ca 2+ concentration from 1 to 5 mM or 20 mM had significant inhibitory effects on the growth of wildtype pollen tubes. By contrast, the increase of external Ca 2+ concentration did not significantly affect the pollen tube growth of cpk11, cpk24, or the double mutants ( Figure 3A) , suggesting that the Ca 2+ -dependent inhibition on pollen tube growth depends on the presence of both CPK11 and CPK24. Representative images of pollen tube growth under a high concentration (20 mM) of Ca 2+ are shown in Supplemental Figure 3 .
Considering the finding that CPK11 and CPK24 are involved in the Ca 2+ -dependent regulation of K + in channels in pollen tube protoplasts, we further tested if Ca 2+ -regulated pollen tube growth was correlated with K + uptake during pollen tube growth. By culturing pollen in medium containing different concentrations of K + , we compared pollen tube lengths between wildtype plants and various mutants ( Figure 3B ). The pollen tubes of all plant materials displayed similar lengths in the absence of external K + in the medium ( Figure 3B ). When the external [K + ] was increased to 0.1 or 1 mM K + , the pollen tube lengths of cpk11 and cpk24 mutants as well as of the double mutants were much greater than those of wild-type plants ( Figure 3B ). In addition, no significant difference in pollen tube length was observed between complementation lines and wild-type plants in all of these in vitro pollen germination assays (see Supplemental Figures 2B and 2C online). These results together with our electrophysiological experiments ( Figure 2 ) suggest that both CPK11 and CPK24, as negative regulators of K + influx, are involved in the Ca 2+ -dependent regulation of pollen tube growth.
CPK11 Can Phosphorylate CPK24
According to the results of patch clamping experiments and pollen tube growth measurements, we hypothesized that CPK11 and CPK24 are involved in the same regulatory pathway. Thus, we further tested if these two kinases interact with each other. In the presented coimmunoprecipitation (Co-IP) assays, combinations of Flag-CPK24 and Myc-CPK11 were cotransformed into the tobacco leaves. As shown in Figure 4A , immunoprecipitation of CPK24 with Flag-coupled Sepharose yielded a coimmunoprecipitating band of 58 kD corresponding to the tagged CPK11 that was labeled with the anti-myc antibody. This Co-IP assay result demonstrated the interaction between CPK11 and CPK24. To further confirm this result in vivo, bimolecular fluorescence complementation (BiFC) assays were performed. CPK11 was localized to the cytoplasm and nucleus as described previously (Dammann et al., 2003; Rodriguez Milla et al., 2006; Zhu et al., 2007) , and CPK24 was localized to the plasma membrane and nucleus ( Figure 4B ). Our BiFC assays ( Figure 4C) showed not only that CPK11 and CPK24 interacted each other, but also that the CPK11/CPK24 complex was specifically localized to the plasma membrane of the cotransformed Arabidopsis mesophyll protoplasts. To test the interaction specificity between CPK11 and CPK24, another pollen-expressed CDPK, CPK32, was selected as a negative control. As shown in Figure 4C , when either CPK11 or CPK24 was substituted with CPK32, the interaction between the two CPKs disappeared or was significantly weakened.
An in vitro protein phosphorylation assay further demonstrated the interaction between these two proteins. Full-length, recombinant CPK11 was produced as an 81-kD glutathione Stransferase (GST) fusion protein ( Figure 5A , left panel), and Ca 2+ was found to be required for the autophosphorylation activity of CPK11 ( Figure 5B ). CPK24 was divided into two parts, the N-terminal region (CPK24N, 48 kD) and the C-terminal region (CPK24C, 66 kD) ( Figure 5A , middle panel), with the cleavage at the Asn-195 residue, which is located in the middle of the kinase domain. CPK24N contained an N-terminal variable domain and half of the kinase domain, and CPK24C contained the remaining parts. Neither of the GST fusions (CPK24N and CPK24C) displayed kinase activity ( Figure 5B ). The results showed that CPK11 can phosphorylate the CPK24N (48 kD) but not the CPK24C (66 kD), and the phosphorylation was Ca 2+ dependent ( Figure 5B ). According to the truncated CPK24 variants used in the phosphorylation assays, we generated two truncated CPK11 variants, CPK11N (N-terminal, from Met-1 to Pro-153 residue; Figure 5A , right panel) and CPK11C (C-terminal, from Glu-154 to the end; Figure 5A , right panel). Neither of the truncated CPK11 variants displayed kinase activity, and both of them could not be phosphorylated by CPK24 ( Figure 5C ). Furthermore, according to the truncated CPK24 variant phosphorylated by CPK11, we also generated the homologous truncated variant of CPK32 as a control in the phosphorylation assays. The results showed that CPK11 was not able to phosphorylate CPK32, indicating that the phosphorylation of CPK24 by CPK11 is specific (see Supplemental Figure 4 
online).
The Shaker K + Channel SPIK Is the Downstream Target of CPK11 and CPK24
It has been reported that disruption of the Shaker potassium channel SPIK (AKT6) impaired K + channel activity in pollen (Mouline et al., 2002) . In this study, pollen tube protoplasts were (D) Real-time PCR analysis of CPK24 expression in the wild type (Col), cpk24 mutant, and two complementation lines (24COM1 and 24COM2). Each data bar represents the means 6 SE (n = 3). (E) to (J) Current-voltage relationship of the K + in currents in pollen tube protoplasts isolated from various plant materials with the addition of 10 nM or 10 mM Ca 2+ in the pipette solution, including wild-type Col (E), cpk11 mutant (F), cpk24 mutant (G), double mutant cpk11 cpk24 (H), complementation line 11COM2 for cpk11 (I), and complementation line 24COM1 for cpk24 mutant (J). The data points represent the means 6 SE (n $ 8). Typical wholecell recordings are shown on the left of I-V curves. Current and time scale bars are shown in (E), and voltage protocols are the same as those described in Figure 1B. isolated from the spik-1 mutant pollen for patch clamp recording. As shown in Figure 6A , the time-and voltagedependent K + in currents recorded in pollen tube protoplasts of wild-type plants were completely absent in spik-1 pollen tube protoplasts, indicating that SPIK is the main contributor to K + in currents in Arabidopsis pollen tubes. Considering that CPK11 and CPK24 are involved in the Ca 2+ -dependent regulation of K + in channels in pollen tubes, we further hypothesized that SPIK may be the downstream target of CPK11 and CPK24. Since the K + channel activity of SPIK had been identified in COS cells (Mouline et al., 2002) , we also used COS cells for patch clamping to test if CPK11 and CPK24 could regulate SPIK in vitro. As shown in Figure 6B , the currents recorded from COS cells expressing SPIK alone were approximately 3 times larger than those in cells coexpressing SPIK, CPK11, and CPK24 when the membrane potential was clamped to 2180 mV. Coexpression of either CPK11 or CPK24 with SPIK did not result in a significant change in SPIK-mediated K + currents. Furthermore, as a control experiment, substitution of both CPK11 and CPK24 with two other CDPKs, CPK4 and CPK10, had no effect on the SPIK currents. In addition, we constructed inactive forms of both kinases and the constitutively active version of CPK11 and analyzed the effect of these CDPK variants on K + currents in COS (A) Effect of external Ca 2+ on pollen tube length. Pollen grains were germinated on solidified medium containing 1 mM K + and the indicated concentrations of Ca 2+ . Each data bar represents the means 6 SE of three replicates. More than 80 pollen tubes were measured for the average pollen tube length in each replicate. Asterisks indicate significant difference from Columbia (Col) at P < 0.05 by Student's t test. (B) Effect of external K + on pollen tube length. Pollen grains were germinated on solidified medium containing 20 mM Ca 2+ and the indicated concentrations of K + . Each data bar represents the means 6 SE of three replicates. The average length of more than 80 pollen tubes was in each replicate. Asterisks indicate significant difference from Columbia (Col) at P < 0.05 by Student's t test. Figure 6C , coexpression of CPK11 and the inactive form of CPK24 (CPK24 D190A) with SPIK had no effect on the SPIK currents, and similar results were obtained for the coexpression of CPK24 and the inactive version of CPK11 (CPK11 D150A) with SPIK. In vitro kinase assays showed that the D150A and D190A substitutions led to the inactivation of CPK11 and CPK24, respectively (see Supplemental Figures 4  and 5A online) . In the absence of CPK24, constitutively active CPK11 (CPK11 F306A ; Rodriguez Milla et al., 2006 ) also had no effect on SPIK currents in COS cells.
cells. As shown in
To test the specificity of SPIK inhibition by CPK11/CPK24, another K + channel was used as a control. AKT1 is a close homolog of SPIK in the Shaker channel family. However, when expressed alone in COS cells, AKT1 did not show any K + in currents. Therefore, we used another K + channel Os-AKT1 as control. Os-AKT1 is an AKT1 homolog from rice (Oryza sativa) and can mediate K + in currents in COS cells. The control experiment was performed by coexpressing CPK11 and CPK24 with Os-AKT1. The results showed that Os-AKT1-mediated K + currents were not affected by the presence of the two CDPKs in COS cells (see Supplemental Figure 6 online). All these results support the notion that that SPIK may acts as the downstream target of the CPK11/CPK24-related pathway.
DISCUSSION
The Downstream Target of the Two CDPKs K + in currents across the plasma membrane of pollen tube consist of two components (Obermeyer and Blatt, 1995; Griessner and Obermeyer, 2003; Becker et al., 2004) . One component was defined as the hyperpolarization-activated, time-, and voltagedependent inward rectifier. This component is contributed by SPIK in Arabidopsis (Mouline et al., 2002) and is responsible for 90% of pollen tube K + in currents ( Figure 6A ). The other was defined as instantaneously activated, voltage-independent conductance that is mediated by TPK4 in Arabidopsis . K + in currents mediated by TPK4-like channels contributed to 20 to 30% of the total K + in currents across the pollen grain and pollen tube plasma membrane in previous reports (Mouline et al., 2002; Becker et al., 2004 ), but they were not more than 10% of the whole K + in currents in our experiments ( Figure 6A ). The difference could result from differences in the experimental methods, such as those used for protoplast isolation or the electrophysiological recording mode. According to our patch clamping results, the decreased currents caused by an elevation of [Ca 2+ ] cyt were ;50% of the whole K + in currents recorded under the control condition, being several times greater than the total TPK4-mediated K + currents. Thus, the Ca 2+ -inhibited K + in currents in pollen tube protoplasts were mainly mediated by SPIK, but not by TPK4-like channels, and SPIK must be the downstream target of the CPK11/CPK24-mediated pathway. This conclusion was further demonstrated by our patch clamping results obtained from COS cells ( Figure 6B ). Considering that the direct interaction between CPK24 (CPK11) and SPIK was not detected in our experiments, other unknown intermediate components could exist in this regulatory pathway. K + influx has been reported to occur in the apical domain of pollen tube (Messerli et al., 1999) ; however, Michard et al. (2009) show that the K + influx can be detected in the tube shank region, but not in the tip. If one also considers the tipfocused gradient of free Ca 2+ , our experimental evidence may support Michard's notion on the spatial patterning of K + influx and explain why the elevated apical [Ca 2+ ] cyt activates the CDPKs and subsequently inhibits the K + in channel activity. CDPKs are known to be involved in the modulation of many types of ion channels. A tonoplast-located Cl 2 channel is activated by a purified CDPK in broad bean (Vicia faba) guard cells (Pei et al., 1996) . KAT1 can be phosphorylated by CDPK from broad bean guard cells (Li et al., 1998) and inhibited by a soybean (Glycine max) CDPK in Xenopus laevis oocytes (Berkowitz et al., 2000) . CPK3 and CPK6 are essential factors for the abscisic acid-and Ca 2+ -dependent activation of S-type anion channels in guard cells (Mori et al., 2006) . The guard cell anion channel SLAC1 is activated by CPK23 with distinct Ca 2+ affinities . CPK10 was shown to be involved in abscisic acid-and Ca 2+ -dependent inhibition of the K + in channels in guard cells (Zou et al., 2010) . This study demonstrated that CPK11 and CPK24 work together to mediate Ca 2+ -dependent inhibition of SPIK activity in the pollen tubes, which further increases our understanding of the CDPK-mediated regulatory mechanisms of ion channels.
CPK11 and CPK24 Regulate Pollen Tube Elongation by Modulating K + Influx
Pollen tubes use K + to maintain the osmotic concentration and membrane potential and to regulate the turgor pressure that induces pollen tubes to burst during fertilization (HoldawayClarke and Hepler, 2003; Franklin-Tong, 2010) . It is known that Figure 6 . Regulation of the SPIK-Mediated K + in Currents by CPK11 and CPK24.
(A) Representative K + in currents recorded in pollen tube protoplasts of wild-type plants and the spik-1 mutant. The data points for the current-voltage curves are presented as means 6 SE (the wild type, n = 7; spik-1, n = 14). (B) Whole-cell recordings of K + in currents in COS cells expressing different combinations of SPIK and CDPKs. The data points for the current-voltage curves are presented as means 6 SE (SPIK, n = 12; SPIK+CPK11+CPK24, n = 16; SPIK+CPK11, n = 7; SPIK+CPK24, n = 8; SPIK+CPK4+CPK10, n = 8).
(C) Whole-cell recordings of K + in currents in COS cells expressing different combinations of SPIK and the variants of CDPK. The data points for the current-voltage curves are presented as means 6 SE (SPIK, n = 15; SPIK+CPK11+CPK24, n = 15; SPIK+CPK11 F306A, n = 19; SPIK+CPK11+CPK24 D190A, n = 22; SPIK+CPK11 D150A+CPK24, n = 12). K + influx promotes pollen tube growth (Fan et al., 2001; Mouline et al., 2002; Boavida and McCormick, 2007) . In this study, in vitro pollen tube growth assays showed that pollen tubes of cpk11 and cpk24 mutants grew faster than those of the wild type at a relatively high external Ca 2+ concentration ( Figure 3A) . Moreover, the enhanced pollen tube growth of the mutants was correlated with the external K + concentration ( Figure 3B ). These results suggest that the Ca 2+ -dependent inhibition of pollen tube growth may rely on the presence of both CPK11 and CPK24, which function as negative regulators of K + -related pollen tube growth (Figure 3 ). This notion was further supported by our electrophysiological results showing that CPK11 and CPK24 coordinately regulate the K + in channel activity in pollen tubes. The combination of the tube growth phenotype and electrophysiological results leads us to conclude that CPK11 and CPK24 may regulate pollen tube elongation by modulating the K + influx.
Previous studies identified some CDPKs involved in the regulation of pollen tube growth. In petunia, Pi-CDPK1 regulates the polarity of pollen tubes and Ca 2+ homeostasis in the pollen tube tip, whereas Pi-CDPK2 inhibits tube growth with no influence on polarity (Yoon et al., 2006) . Both CPK17 and CPK34 maintain the tube growth rate and facilitate the response to tropism cues in pollen tube growth (Myers et al., 2009 ). Together, these findings suggest that different pollen-expressed CDPK isoforms regulate different aspects of pollen tube growth.
CPK11 Phosphorylates CPK24
It is well known that many signaling networks in living plant cells are regulated by protein phosphorylations that are performed by protein kinases . Protein kinases translate the signal by phosphorylating various downstream substrates, including transcription factors, ion channels, and cytoskeleton proteins (Nakagami et al., 2005; Kudla et al., 2010) . The function or activity of a protein kinase is also frequently regulated by phosphorylation that is performed by other protein kinases, resulting in amplification of signals or crosstalk between different pathways (Harper et al., 2004; Ludwig et al., 2005) . For example, a MAPK cascade is minimally composed of three kinase modules, mitogen-activated protein kinase kinase kinase-mitogenactivated protein kinase kinase-MAPK, that are linked in various ways to upstream receptors and downstream targets (Ichimura et al., 2002; Jonak et al., 2002; Rodriguez et al., 2010) . Besides MAPK cascades, the regulation of some other protein kinases has been reported to be achieved by transphosphorylation. Some residues in the activation loop of SOS2 (CIPK24) can be phosphorylated by unknown protein kinases (Guo et al., 2001; Gong et al., 2002) . At least one CDPK from tobacco (CDPK2) requires transphosphorylation by unknown kinases to become fully activated (Romeis et al., 2000 (Romeis et al., , 2001 . In this study, the interaction between CPK11 and CPK24 was identified, and CPK11 could phosphorylate the N terminus of CPK24 in vitro, suggesting that these two CDPKs work together as a novel kinase cascade similar to the MAPK pathway. This finding improves our understanding of the mechanism by which CDPKs act in plant signaling.
Although it is generally believed that CDPK activity is Ca 2+ dependent, it has been reported that different CDPKs showed different calcium dependencies for their kinase activity. For example, the isoforms from subgroup 3 (including CPK24) of the CDPK family exhibit low or no calcium dependence on substrate phosphorylation, although they can still bind calcium (Boudsocq et al., 2012) . In our experiments, we also found that CPK24 activity is independent of calcium (see Supplemental Figure 5A online). The calcium independence of some CDPKs raises the question of the role of calcium in CDPK regulation, suggesting possible alternative CDPK activation mechanisms besides calcium binding. CPK11 is almost inactive in the absence of calcium, and its kinase activity is shown to be highly Ca 2+ dependent ( Figure 5B ). The calcium dependence of a CDPK may be correlated to its function in sensing the calcium signature. The difference in calcium dependence between CPK11 and CPK24 led us to propose a hypothetical working model as shown in Figure 7 . During pollen tube growth, although CPK24 fails to effectively sense the calcium signature, the fine tuning of calcium signature may be sensed by CPK11. Ca 2+ -activated CPK11 subsequently phosphorylates CPK24, transduces the calcium signals, and regulates SPIK activity.
Differences in Ca 2+ Sensitivity of the K + in Channels between Pollen Grains and Pollen Tubes
Comparing the K + in currents recorded from pollen grain protoplasts and pollen tube protoplasts of Arabidopsis, we observed significant differences in the properties of K + in channels, such as current density, normalized G max , and Ca 2+ sensitivity (Figure 1) . The current density and normalized G max of K + in channels in pollen tubes are significantly larger than those in pollen grains, suggesting that the amount or activity of K + in channels may be different between these two types of protoplasts. Previous studies revealed that K + in currents recorded from pollen grain protoplasts were not sensitive to internal Ca 2+ (Fan et al., 1999, 2001), and similar results were observed in this study ( Figure  1C) . However, elevation of [Ca 2+ ] cyt results in the significant inhibition of K + in currents in pollen tube protoplasts ( Figure 1D ). This difference in Ca 2+ sensitivity of K + in channels between pollen grains and pollen tubes might be ascribed to the differences of functions and/or expression patterns of some components in the Ca 2+ signaling pathway. Although quantitative real-time PCR results showed that there was no significant change in CPK11 transcription between pollen grains and pollen tubes, the transcripts of CPK24 in pollen tubes were ;20 times as abundant as those in pollen grains (see Supplemental Figure  7 online). The transcriptional change of CPK24 may be associated with the difference in Ca 2+ sensitivity of the K + in channels between pollen grains and pollen tubes.
In summary, this study demonstrates that both CPK11 and CPK24 function as negative regulators of K + in channel activity and pollen tube elongation. These two CDPKs work together as part of a kinase cascade to transduce the signal and eventually regulate SPIK activity and pollen tube growth.
METHODS Plant Growth Conditions and Mutant Identification
Arabidopsis thaliana plants were grown in potting soil mixture (rich soil: vermiculite = 2:1, v/v) and kept in growth chambers at 22°C under an illumination of 120 mmol m 22 s 21 and a 16/8-h daily light/dark cycle. The relative humidity was ;70% (65%).
T-DNA insertion lines, cpk11 (Salk_054495) and cpk24 (Salk_015986), were obtained from the ABRC (http://www.Arabidopsis.org/abrc/). The homozygous cpk11 and cpk24 mutants were identified using genespecific primers (for cpk11, forward primer 59-CACAGAGAAATCAA-CCTCCG-39 and reverse primer 59-GCAAGCTCCCTAACTACACCT-39; for cpk24, forward primer 59-ATTTGGTGCTCTCTCTGC-39 and reverse primer 59-AAGGACGGAGATAGATGTGG-39) and one T-DNA left border primer (Lba1, 59-GCGTGGACCGCTTGCTGCAACT-39).
Vector Construction and Arabidopsis Transformation
To generate the constructs for complementation of the mutants, genomic DNA fragments of CPK11 or CPK24 were excised from BAC clones obtained from the ABRC (F15O4 for CPK11 and T9H9 for CPK24) and cloned into the pCAMBIA 1300 vector. Arabidopsis transformation with Agrobacterium tumefaciens (strain GV3101) was performed by the floral dip method (Clough and Bent, 1998) .
Real-Time PCR
Total RNA was extracted from pollen grains or pollen tubes with Trizol reagent (Invitrogen). The cDNA was synthesized using Superscript II reverse transcriptase according to the manufacturer's instructions (Invitrogen). Real-time PCR analysis was performed using SYBR Green PCR Master Mix (Applied Biosystems) in an Applied Biosystems 7500 real-time PCR system. Relative expression levels of CDPKs were determined by normalization to 18S rRNA and presented as mean normalized transcript levels using the comparative cycle threshold method (2 2DDCt ). Real-time PCR was conducted with CPK11-specific primers (forward primer 59-TGTCGATGAACAAGCAGCACCA-39 and reverse primer 59-ATCGTTCCGCTGTTGTCTGTGT-39) and CPK24-specific primers (forward primer 59-AACGGTAACGACCAGTGGATCA-39 and reverse primer 59-AAGCAGCTTAGCCCTCTTCCTT-39).
In Vitro Pollen Germination Assays
In vitro Arabidopsis pollen germination experiments were conducted as described previously (Fan et al., 2001 ) with minor modifications. The basic medium was composed of 0.8 mM MgSO 4 , 1.5 mM boric acid, 1% (w/v) agarose, 19.8% (w/v) Suc, 0.05% (w/v) lactalbumin hydrolysate, 10 mM myo-inositol, and 5 mM MES, and the pH was adjusted to 5.8 with Tris. For the treatments with different external Ca 2+ or K + concentrations, different amounts of CaCl 2 (1, 5, and 20 mM) or KCl (0, 0.1, and 1 mM) were added to the basic medium. Pollen tube length was measured under a microscope (Olympus IX-71) after incubation for 4.5 h at 23°C. All the experiments were repeated three times and each treatment in one experiment included three independent replicates. For each replicate, more than 80 pollen tubes were measured.
Isolation of Pollen Grain Protoplasts and Pollen Tube Protoplasts
Arabidopsis pollen grain protoplasts were isolated as described previously (Fan et al., 2001) . For isolation of pollen tube protoplasts, 40 to 60 fresh flowers were collected and the pollen was spread uniformly on the surface of solid germination medium (5 mM Ca 2+ and 1 mM K + were added to the basic medium, which was described in the in vitro pollen germination assays) in a 35-mm-diameter Petri dish, followed by the addition of 80 to 120 mL of liquid germination medium (solid germination medium without 1% agarose), which formed a thin liquid layer on the medium surface. It should be noted that the addition of a liquid layer on the medium surface is crucial for pollen tube protoplast isolation, as it prevents pollen tube bursting during the subsequent enzyme digestion. After the pollen was incubated for 2.5 to 3 h at 25°C, the average pollen tube length was between 100 and 150 mm, and 1 mL of the half-strength enzyme solution (as used in the isolation of pollen grain protoplasts) was slowly added to the Petri dish without disturbing the germinated pollen. After 2.5 to 3.5 min, protoplasts emerged from the tip region of the pollen tubes ( Figure 1A , right panel). Two milliliters of standard solution (as used to isolate pollen grain protoplasts) was added to the dish to terminate enzyme digestion. The subsequent procedures were the same as those used for pollen grain protoplast isolation described previously (Fan et al., 2001) . Because pollen grain protoplasts do not emerge within 15 min, the pollen tube protoplasts would not be contaminated with pollen grain protoplasts. The prepared protoplasts were kept on ice in dark for at least 1.5 h before patch clamp recordings.
Electrophysiological Experiments
Patch clamp whole-cell recordings from pollen grain protoplasts and pollen tube protoplasts were conducted using an Axopatch-200B amplifier (Axon Instruments) at 22°C in dim light. The contents of the bath and pipette solution were the same as described previously (Fan et al., 2001 ). The normalized whole-cell currents were presented as current densities, the ratio of steady state currents to cell membrane capacitances.
For the patch clamping recordings from COS cells, COS-7 cells (from American Type Culture Collection) were cultured in Dulbecco's modified eagle medium supplemented with 10% fetal calf serum (Gibco) at 37°C in 5% CO 2 . The cultured COS-7 cells were transfected with different combinations of recombinant plasmids using Lipofectamine LTX transfection reagent (Invitrogen). SPIK was cloned into pIRES2-EGFP (Clontech), and green fluorescent protein fluorescence indicated successful transfection. The vector pBudCE4.1 (Invitrogen) was used for the simultaneous expression of both CPK11 and CPK24 (or both CPK4 and CPK10). DsRed2 sequences were inserted into the pBudCE4.1 vectors, following the sequence of CPK11 or CPK4. A successful transfection results in red fluorescent protein fluorescence due to the expression of DsRed2. To confirm that the cells were successfully transfected, green fluorescent protein and red fluorescent protein were examined using an inverted fluorescence microscope (Olympus IX-71) before patch clamping experiments. Patch-clamp recordings were conducted 36 h after transfection. The contents of the bath solution are the same as described previously (Mouline et al., 2002) . The CPK11 and CPK24 variants (CPK11 D150A, F306A, and CPK24 D190A) used in electrophysiological assays were generated using the QuikChange Lightning site-directed mutagenesis kit (Stratagene). The pipette solutions contained (in mM) 150 KCl, 4.83 CaCl 2 , 3 MgCl 2 , 5 EGTA, 10 HEPES, and 2.5 ATP, and pH was adjusted to 7.2 with NaOH.
Co-IP Assays
The coding sequences of CPK11 and CPK24 fused with the myc or flag tag (Myc-CPK11 and Flag-CPK24) were cloned into the pCAMBIA1300 vector under control of the SUPER promoter. The combinations of Myc-CPK11 and Flag-CPK24 were cotransformed into tobacco (Nicotiana benthamiana) leaves using the Agrobacterium-mediated infiltration method. Proteins were extracted 4 d after transformation. The extraction buffer contained (in mM) 50 Tris-HCl, pH 7.5, 100 NaCl, 2 EDTA, 1 NaF, 1 NaVO 3 , 1 PMSF, 10 b-glycerolphosphate, 0.1% (v/v) Triton X-100, and 0.5% (v/v) Nonidet P-40. The supernatant was incubated with 30 mL anti-Flag agarose conjugate (Sigma-Aldrich) for 6 h at 4°C. The coimmunoprecipitation products were washed with the extraction buffer five times and then detected via immunoblot analysis. Both anti-Myc (Sigma-Aldrich) and anti-Flag (Sigma-Aldrich) antibodies were used at 1:8000 dilutions, and chemiluminescence signals were detected by Kodak film.
BiFC Assays
BiFC assays were performed as described previously (Walter et al., 2004) . To generate the BiFC vectors, the coding region of CPK11 was cloned via XbaΙ-XhoΙ into pUC-SPYNE, resulting in CPK11-YN, and the coding region of CPK24 was cloned via SpeΙ-SmaΙ into pUC-SPYCE, resulting in CPK24-YC. After incubation for 12 to 18 h at 23°C, the fluorescence of yellow fluorescent protein in the transformed protoplasts was imaged using a confocal laser scanning microscope (Nikon C1).
Phosphorylation Assays
To construct GST fusion proteins, full-length CPK11 was cloned into the pGEX-4T vector via BamHI-XhoI. To create the truncated variants of CDPKs, CPK24, CPK11, and CPK32 were individually divided into two parts with the cleavage at CPK24 N195, CPK11 P153, and CPK32 N192 residues located in the middle of the kinase domain. The DNA fragments of these truncated CDPK variants were cloned into pGEX-4T vectors via SmaΙ-NotΙ for CPK24, BamHI-XhoI for CPK11, and BamHI-SalI for CPK32. Recombinant plasmids were transformed into Escherichia coli BL21 (DE3), and protein expression was induced by the addition of 0.5 mM Isopropyl b-D-1-Thiogalactopyranoside (IPTG). The expressed proteins were extracted after incubation at 22°C for 8 h. Full-length CPK24 was cloned into pcDNA3.1-FLAG via KpnI-NotI. The purified plasmids were transfected into HEK293T cells. CPK24 proteins were purified with Ni 2+ -nitrilotriacetic acid-agarose from HEK293T cells 36 to 48 h after transfection and used in an in vitro kinase assay.
In vitro phosphorylation assays were performed in 50 mL reaction buffer containing (in mM) 50 Tris-HCl, pH 7.2, 10 MgCl 2 , 0.45 EGTA, 1 DTT, and 0.55 CaCl 2 , and CaCl 2 was omitted for the control. Phosphorylation was initiated by adding 5 mCi of [ 32 P]ATP, and the reaction was incubated for 20 min at 30°C. Then, the proteins were separated by 10% SDS-PAGE, and the phosphorylated proteins were visualized by autoradiography.
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